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Directed cell movement is integral to both embryogenesis and hematopoiesis. In the adult, the chemokine family of
secreted proteins signals migration of hematopoietic cells through G-coupled chemokine receptors. We detected embryonic
expression of chemokine receptor messages by RT-PCR with degenerate primers at embryonic day 7.5 (E7.5) or by RNase
protection analyses of E8.5 and E12.5 tissues. In all samples, the message encoding CXCR4 was the predominate chemokine
receptor detected, particularly at earlier times (E7.5 and E8.5). Other chemokine receptor messages (CCR1, CCR4, CCR5,
CCR2, and CXCR2) were found in E12.5 tissues concordant temporally and spatially with definitive (adult-like)
hematopoiesis. Expression of CXCR4 was compared with that of its only known ligand, stromal cell-derived factor-1
(SDF-1), by in situ hybridization. During organogenesis, these genes have dynamic and complementary expression patterns
articularly in the developing neuronal, cardiac, vascular, hematopoietic, and craniofacial systems. Defects in the first four
f these systems have been reported in CXCR4- and SDF-1-deficient mice. Our studies suggest new potential mechanisms
or some of these defects as well as additional roles beyond the scope of the reported abnormalities. Earlier in development,
xpression of these genes correlates with migration during gastrulation. Migrating cells (mesoderm and definitive endoderm)
ontain CXCR4 message while embryonic ectoderm cells express SDF-1. Functional SDF-1 signaling in midgastrula cells as
ell as E12.5 hematopoietic progenitors was demonstrated by migration assays. Migration occurred with an optimum dose
imilar to that found for adult hematopoietic cells and was dependent on the presence of SDF-1 in a gradient. This work
uggests roles for chemokine signaling in multiple embryogenic events. © 1999 Academic PressKey Words: in situ hybridization; HIV coreceptor; neuronal; cerebellum; conotruncal; gastrulation.
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Cell migration is an integral component of embryogen-
esis, particularly since cell position is a primary determi-
nant of cell fate. Not surprisingly, there are complex arrays
of regulators that direct cell movement by modulating
adhesion, attraction, and repulsion. In the adult there is a
profound need for regulation of hematopoietic cell migra-
tion as part of differentiation, immune surveillance, and
response to infection. The major regulators of chemoattrac-
tion in hematopoiesis are members of the chemokine
family. The high affinity of these secreted proteins for
heparin inhibits their diffusion and creates short-range
1 To whom correspondence should be addressed at Department
of Pediatrics, University of Rochester Medical Center, Box 777, 601a
d
Elmwood Avenue, Rochester, NY 14642. Fax: (716) 273-1039.
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442radients (for reviews see Kim and Broxmeyer, 1999; Luster,
998). Chemokines signal through a family of seven trans-
embrane G-coupled receptors that typically recognize
iscrete subsets of ligands. Chemokine signaling can affect
ot only cell trafficking, but also cell shape, integrin ex-
ression, proliferation, and differentiation. For example,
hen circulating lymphocytes are activated by binding
hemokines secreted in response to local infections, they
olarize their cell structure, creating an adherent “foot”
xpressing specific integrins that binds the endothelial wall
nd a “nose” with localized chemokine receptors. The cell
hen traverses the endothelial cell boundary and migrates
hrough the tissue following a gradient of chemokines to
he site of infection (Nieto et al., 1997; for review see
uster, 1998). Despite obvious overlaps of chemokine-
egulated processes in the hematopoietic system with many
spects of embryology, little is known about their roles in
evelopment.
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443Roles of CXCR4 and SDF-1 in Murine EmbryogenesisIn this paper, we report the expression of several chemo-
kine receptors in the mouse embryo. The message for
CXCR4 was the most abundantly detected among those
analyzed, particularly during gastrulation. CXCR4 is
unique among chemokine receptors, having only one
known ligand, stromal cell-derived factor-1 (SDF-1), that
binds only CXCR4 (Kim and Broxmeyer, 1999 for review).
CXCR4 also functions as an entry coreceptor by T-tropic
HIV-1 (Feng et al., 1996). In adults, SDF-1 is proposed to
regulate homing of hematopoietic stem cells to the bone
marrow and differentiation of early B-cell and megakaro-
cyte lineages (Aiuti et al., 1997; D’Apuzzo et al., 1997;
owalska et al., 1999; Ma et al., 1999; Nagasawa et al.,
994; Peled et al., 1999; Riviere et al., 1999). While chemo-
kine function has been studied primarily in the hematopoi-
etic system, SDF-1-induced migration of endothelial and
neuronal cells has also been reported (Augustin, 1998;
Hesselgesser et al., 1997). There is also evidence for the
function of this particular chemokine–receptor pair at late
stages of embryogenesis. Disruption of either CXCR4 or
SDF-1 genes in mice causes lethality during late gestation.
While it is not clear what causes fatality, mutant embryos
have a number of defects including intestinal vasculature
malformations, abnormal migration of cerebellar neurons,
cardiac ventricular septal defects, B-cell deficiency, and
failure of hematopoietic colonization of the bone marrow
(Ma et al., 1998; Nagasawa et al., 1996; Tachibana et al.,
1998; Zou et al., 1998).
To further delineate potential sites of CXCR4 and SDF-1
unction during embryonic development, we compared
heir expression patterns from gastrulation to organogen-
sis. Their complementary expression patterns suggest pos-
ible roles for this signaling pathway in a number of
eveloping systems, encompassing, and extending beyond,
hose defects seen in the gene-disrupted embryos. The
xpression of this gene pair also correlates with tissue
igration during gastrulation. We have determined that
DF-1 signal is operational during gastrulation as well as in
idgestation hematopoietic progenitors.
MATERIALS AND METHODS
cDNA Construction and Chemokine Receptor PCR
ICR mice (Taconic, Germantown, NY) were mated overnight
and plugs were checked the following morning (embryonic day 0.5
(E0.5)). cDNA was synthesized and amplified from extraembryonic
mesoderm of neural plate stage embryos (E7.5) as previously
described (Palis and Kingsley, 1995). Degenerate oligonucleotides
were designed to conserved sequences in the second intracellu-
lar loop (59GATCGITACCTIGCIATIGTICAT/CGC) and in the
seventh transmembrane domain (59GCATAIAT/GIAINGGG/
ATTIAIG/ACAGCAGTG) of chemokine receptors (modified from
Greaves et al., 1997; Thomas Schall, personal communication).
PCR conditions were as follows: 40-ml reactions with 0.5 mM each
primer, 50 ng target cDNA, 200 mM dNTPs, 1.5 mM MgCl2, 13 Taq
polymerase buffer, and 2 units of Taq polymerase (Promega,
Madison, WI). Samples were heated to 94°C for 2 min before
Copyright © 1999 by Academic Press. All rightaddition of enzyme and then processed through the following
cycles in an Ericomp thermocycler (San Diego, CA): 153 (92°C for
20 s, 65 to 50°C for 1 min decreasing 3°C every 3 cycles, 72°C for
1 min), 203 (92°C for 20 s, 50°C for 1 min, 72°C for 1 min), 13
(50°C for 1 min, 72°C for 10 min). The predicted 550-bp amplified
band was cloned into the PCRII vector (Invitrogen, San Diego, CA).
Inserts from individual colonies were amplified using primers from
the flanking vector sequences and grouped by their TaqI restriction
digest patterns. Multiple members from each group were se-
quenced and analyzed using the MacVector program (Oxford Mo-
lecular Ltd., Campbell, CA).
RNA Isolation
E8.5 and E12.5 embryos were dissected free of maternal tissue.
After removal of Reichert’s membrane, E8.5 embryos were bisected
into yolk sac (including amnion and allantois) and embryo proper.
E12.5 embryos were trisected into yolk sac (including amnion),
liver, and remaining embryo proper. RNA was isolated from the
tissues using Trizol (Life Technologies, Grand Island, NY) accord-
ing to the manufacturer’s instructions. RNA integrity was assessed
by ethidium bromide staining of formaldehyde gels followed by
RNA blots hybridized with a ma1 tubulin probe.
RNase Protection Assay
The Riboquant RNase protection assay system (Pharmingen, San
Diego, CA) was used with two mouse chemokine receptor probe
sets (mCR5 probe-assaying CCR1, CCR1b, CCR2, CCR3, CCR4,
CCR5; mCR6 probe-assaying CXCR2, CXCR4, and BLR-1) accord-
ing to the manufacturer’s instructions. Analyses were performed in
triplicate and signals were quantitated using a Cyclone phospho-
imager (Packard, Meriden, CT). Relative levels were determined
using the internal L32 standard and normalized for probe length.
In Situ Hybridization
Antisense probes were generated to CXCR4 sequence (158 to
1729 bp in cDNA; Accession No. D87747) and SDF-1 sequence (105
to 1666 bp in cDNA; Accession No. D21072). Neighboring sections
of paraformaldehyde-fixed paraffin-embedded embryos were hy-
bridized with 33P-labeled antisense transcripts to CXCR4 and
DF-1 as previously described (Palis and Kingsley, 1995) except that
robes were synthesized at 5 3 108 DPM/mg and hybridized at 55°C
at 65 ng/ml. A negative control was performed for every experi-
ment and tissue by hybridization with sense-strand probe made to
the same region of the CXCR4 gene. No signal above background
was seen in any of the negative controls.
Transwell Assays
Late-streak embryos (E7.25), including extraembryonic mem-
branes, were dissected free of maternal tissue and Reichert’s
membrane. Livers were removed from E12.5 embryos. Cells from
these tissues were dissociated at 37°C in 0.25% trypsin/EDTA
(Worthington Biochemical Corp., Freehold, NJ) and cells were
resuspended in IMDM medium (Life Technologies) with 0.5%
detoxified BSA (Quality Biological, Inc., Gaithersburg, MD). Fetal
liver cells had an additional preincubation of 1 h at 37°C at 5% CO2
in IMDM plus 50% rat serum. Then 2 3 104 E7.25 cells or 1 3 106E12.5 liver cells were placed in upper wells of transwell chambers
with a 5-mm filter (Corning/Costar, Corning NY). As indicated in
s of reproduction in any form reserved.
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444 McGrath et al.the figure legends, SDF-1a (R&D, Minneapolis, MN) was added to
the top and/or bottom transwell chambers. Transwells were incu-
bated for 4 h at 37°C, 5% CO2. After incubation, the inserts were
emoved and the cells in the bottom wells were collected, counted,
nd plated in methylcellulose with the inclusion of the following
ytokines: IL-3 (20 ng/ml); IL-6 (20 ng/ml); SCF (60 ng/ml); GM (2.5
g/ml), all from R&D Systems, and Epo (2 U/ml, Amgen, Thousand
aks, CA) (Kennedy et al., 1997). Cultures were incubated at 37°C,
% CO2 and hematopoietic colonies were counted at 5–6 days.
RESULTS
CXCR4 Is the Most Abundant Chemokine
Receptor Message Detected during Gastrulation
and Early Organogenesis
The roles of chemokines in adult hematopoiesis led us to
examine chemokine receptor expression at embryonic sites
of hematopoiesis. Since the earliest blood cells arise in the
yolk sac beginning at E7.5 in the mouse, representative
extraembryonic mesoderm cDNAs (Palis and Kingsley,
1995) were amplified with degenerate primers similar to
conserved regions in the chemokine receptor family. Anal-
ysis of 69 separate isolates indicated that the vast majority
(63) were chemokine receptor CXCR4. The remaining iso-
lates were CCR4.
FIG. 1. Expression of chemokine receptor transcripts in mouse em
RNase protection analysis. RNA was isolated from E8.5 yolk sac
embryo proper (E). Yeast tRNA (t) served as a negative control. Two
side of the dotted line). Undigested probe is shown in the outside la
(B) Quantitation (mean 1 SEM) of the relative levels of chemokin
normalized using an internal L32 standard.Sufficient RNA was obtained at later stages of mouse
embryogenesis to analyze chemokine receptor expression
e
q
Copyright © 1999 by Academic Press. All righty RNase protection assays. We determined levels for nine
eceptor messages in E8.5 embryos (bisected into yolk sac
nd embryo proper) and E12.5 embryos (trisected into yolk
ac, liver, and the remaining embryo proper). Results from
ne experiment are shown in Fig. 1A and the quantitation
f three independent experiments is shown in Fig. 1B. The
nly receptor message detected consistently at E8.5 in these
ssays was CXCR4 and it is still the most abundant
hemokine receptor message detected at E12.5. While sites
f embryonic (E8.5 yolk sac) and fetal (E12.5 liver) hemato-
oiesis express CXCR4, the embryo proper contained the
ighest transcript levels. These data suggest early and
onhematopoietic roles for CXCR4.
In contrast to CXCR4, transcripts for five other chemo-
ine receptors (CCR1, CCR4, CCR5, CCR2, and CXCR2)
ere detected significantly only in tissues from E12.5
mbryos. Spatially restricted chemokine receptor expres-
ion may have been missed since RNase protection mea-
ures average message levels in a tissue. The highest levels
f all these messages were present in the liver and the
lood-rich yolk sac, consistent with expression in fetal
lood cells. Since fetal hematopoiesis and adult hematopoi-
sis share characteristics not found in earlier embryonic
ematopoiesis, including formation of enucleated erythro-
ytes and multiple myeloid and lymphoid lineages, fetal
o tissues at E8.5 and E12.5 of development. (A) Autoradiograph of
nd embryo proper (E); E12.5 yolk sac (Y), liver (L), and remaining
rent probe sets were used for each RNA (grouped by probe on either
) and the protected size band is indicated by the line beside them.
eptor RNA determined from three independent experiments andbry
(Y) a
diffe
nes (mxpression of multiple chemokine receptors may be re-
uired to accomplish the same functions these receptors
s of reproduction in any form reserved.
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445Roles of CXCR4 and SDF-1 in Murine Embryogenesiscarry out in the adult hematopoietic system (Luster, 1998
for review).
Expression of CXCR4 and Its Ligand, SDF-1,
during Gastrulation Delineates Migrating
versus Nonmigrating Tissues
If CXCR4 has a role in early embryogenesis, it should be
expressed in conjunction with its ligand SDF-1. Correlation
of CXCR4 and SDF-1 expression was assayed by in situ
ybridization analysis on neighboring sections of gastrulat-
ng (E7.2 to E7.8) embryos. As predicted from our screen of
7.5 cDNA, CXCR4 mRNA was detected in extraembry-
nic mesoderm cells (black arrowhead in Fig. 2B). CXCR4
ranscripts were also present in embryonic mesoderm as
ell as the most distal regions of the outer endoderm layer
white arrowhead and thin white arrow, respectively, in Fig.
FIG. 2. In situ analysis of SDF-1 and CXCR4 in neural plate stage
of CXCR4 sense probe. The inner layer of embryonic ectoderm is
extraembryonic mesoderm tissue are indicated by black and white
thin white arrows. (B) Antisense probe for CXCR4 hybridized t
endoderm at the distal half of the embryo (thin white arrow). (C)
amniotic ectoderm. (D) Higher magnification view showing the upp
of a-fetoprotein antisense probe demarcating the lower edge of visc
re mutually exclusive in these endodermal tissues. (F) Summar
mbryonic tissues. The inner embryonic ectoderm (ec) and amnio
n embryonic mesoderm (m) and definitive endoderm (de) as well
isceral endoderm (ve), and chorionic ectoderm (c) (thick gray lin
ndoderm or chorionic ectoderm. Bars in A and D, 50 mm.B). This latter expression is in the location of definitive
ndoderm cells that migrate from the distal primitive
Copyright © 1999 by Academic Press. All righttreak, displace the visceral endoderm, and are fated to
ecome the embryonic endoderm (Lawson et al., 1991). Our
nalysis was confirmed by comparing boundaries of CXCR4
xpression with that of a-fetoprotein, which is expressed in
isceral, but not definitive, endoderm (Dziadek and An-
rews, 1983). In late primitive streak and neural plate stage
mbryos (E7.2 to E7.8), CXCR4 expression and
a-fetoprotein expression are mutually exclusive in the
endoderm, indicating that CXCR4 is expressed in defini-
tive, but not visceral, endoderm (Figs. 2D and 2E). We also
detected SDF-1 transcripts during gastrulation. SDF-1 mes-
sage was restricted to ectoderm layers of the embryo and
amnion (Fig. 2C). Therefore, during gastrulation, CXCR4 is
expressed in the two tissues that migrate through the
primitive streak (mesoderm and definitive endoderm),
while SDF-1 is expressed the remaining embryonic ecto-
derm cells.
5) embryos. (A) Negative control with no significant hybridization
ated by a short white arrow, the middle layers of embryonic and
heads, respectively, and the outer endoderm tissue is indicated by
bryonic and extraembryonic mesoderm (arrowheads) as well as
isense probe for SDF-1 hybridized to both embryonic (arrow) and
oundary of CXCR4 endoderm expression (arrow). (E) Hybridization
ndoderm (arrow). CXCR4 expression and a-fetoprotein expression
gram of the complementary expression of SDF-1 and CXCR4 in
toderm (ae) express SDF-1 (thick black line). CXCR4 is expressed
traembryonic mesoderm (xm) that lines the amnionic ectoderm,
either SDF-1 nor CXCR4 transcripts are detected in the visceral(E7.
indic
arrow
o em
Ant
er b
eral e
y dia
tic ec
as ex
es). NThis pattern of expression continues in posterior regions
of the embryo as gastrulation proceeds. Posterior to the last
s of reproduction in any form reserved.
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446 McGrath et al.somite, CXCR4 is expressed in mesoderm while SDF-1 is
expressed in the outer ectoderm layer (Fig. 3, posterior
region of E8.5 embryo). In other regions of the embryo
where gastrulation has ceased, CXCR4 and SDF-1 tran-
scripts levels are downregulated. CXCR4 message levels
decrease in the extraembryonic mesoderm by E7.75 (data
not shown) and subsequently decrease in definitive
endoderm as hindgut is formed (Fig. 3A). Similarly, SDF-1 is
downregulated as ectoderm becomes neural ectoderm (Fig.
3B). By E8.5, in the anterior region of the embryo, CXCR4 is
no longer expressed in mesodermal derivatives and SDF-1 is
not expressed in ectodermal derivatives (Figs. 3A and 3B).
As the gastrulation pattern fades, a new pattern of ligand/
receptor expression appears with a dramatic reversal of
ectoderm/mesoderm expression of these genes. In contrast
to its previous mesoderm expression, CXCR4 is now ex-
pressed predominately in neural ectoderm (Fig. 3A, anterior
region). SDF-1, previously expressed in ectoderm, is now
expressed in underlying mesenchyme (Fig. 3B, anterior
region). Definitive endoderm derivatives also differentially
express ligand and receptor along the anterior/posterior
axis. Endodermal CXCR4 expression is retained in the
FIG. 3. Expression of CXCR4 and SDF-1 transcripts in early somi
of an embryo with antisense CXCR4 probe. In the anterior region (
In the posterior region (bottom), CXCR4 message is detected in
ectoderm (e) and splanchnopleuric mesoderm (sp) juxtaposing endo
is detected on a neighboring section in anterior mesenchyme (m) a
C for tissue designations). (C) Summary of the patterns of CXCR4 a
patterns change, complementarity between the two genes is mainta
in posterior neural tube, anterior surface ectoderm, developing heaforegut but down-regulated in the hindgut. SDF-1 message
is localized to the ventral hindgut, specifically the region
Copyright © 1999 by Academic Press. All righthat apposes the CXCR4-expressing posterior splanchno-
leuric mesoderm (Figs. 3A and 3B).
CXCR4 and SDF-1 Transcripts Have Dynamic
and Complementary Patterns throughout
Organogenesis
The general postgastrulation pattern of CXCR4 and
SDF-1 expression emerging in the anterior region of E8.5
embryos continues throughout later stages of development.
CXCR4 is expressed predominantly in neuronal tissue
while SDF-1 is expressed mainly in mesenchymal tissues
(Fig. 4). SDF-1 is highest in mesenchyme that has no overt
signs of differentiation and is down-regulated in somites
and forming bone. The high expression of CXCR4 in neu-
ronal tissue is consistent with peak mRNA levels in em-
bryo proper fractions as determined by RNase protection
(Fig. 1B). CXCR4 transcripts continued to be detected in a
subset of foregut derivatives, including the stomach at
E10.5 (s in Fig. 4A) and the cystic ducts of the gallbladder
and the lung epithelium at E12.5 (c and lu in Fig. 6A).
During organogenesis, the expression of CXCR4 and
ge (E8.5) embryos. (A) In situ hybridization of a transverse section
XCR4 message accumulates in the foregut (g) and neural tube (n).
nchymal cells (m) and somatopleuric mesoderm (so) juxtaposing
(g) (see C for tissue designations). (B) In contrast, SDF-1 message
osterior surface ectoderm (e) as well as the ventral hindgut (g) (see
F-1 expression shows that while anterior and posterior expression
No significant levels of CXCR4 or SDF-1 transcripts were detected
), or notochord (ch). Size bar in B, 100 mm.te sta
top) C
mese
derm
nd p
nd SDSDF-1 genes becomes increasingly refined and limited. At
any single stage, the SDF-1 expression pattern is always
s of reproduction in any form reserved.
447Roles of CXCR4 and SDF-1 in Murine EmbryogenesisFIG. 4. Comparison of CXCR4 and SDF-1 expression during organogenesis in neighboring sagittal sections of E10.5, E12.5, and E14.5
embryos. (A, C, and E) Hybridization of sections with CXCR4 antisense probe. Strongest hybridization is in neuronal tissues, particularly
at E10.5 and E12.5 in the ventral mantle layer (basal plates) of the spinal cord (n), in the hindbrain around the fourth ventricle (IV), and in
the outgrowth of the diencephalic floor (arrow). Weaker signal is present in the alar plates (a in C). By E14.5, expression is retained only in
the neural epithelium lining the ventricular space (border of IV ventricle). There is also CXCR4 signal in the developing hypothalamus
(asterisk) as it extends to meet the thalamus (th) and the rhombic ventral lip (r) and around the olfactory lobe (o). The CXCR4 expression
at the periphery of the forebrain around the lateral ventricles (la) is in the vascular pia mater. Other nonneuronal CXCR4 expression
includes facial skin (see E14.5), developing aortopulmonary septum of the heart (h, branch structure in A), stomach (s in A), and several
vascular beds including aortic and interstitial vessels (arrowheads in A and E). (B, D, and F) Neighboring sections of A, C, and E, respectively,
hybridized with SDF-1 antisense probe. Predominant SDF-1 expression is in mesenchyme particularly in the facial region, aortic–gonad–
mesonephros (AGM) region (black asterisks in B), outflow track of the heart (ventral to h), and surrounding the umbilical/vitelline vessels
(arrowhead). Lower level expression is also seen at E10.5 and E12.5 in liver (l) and ventricular wall of the heart. By E14.5, mesenchyme
expression of SDF-1 is retained in the upper and lower jaw, pia mater surrounding neuronal tissue, around the vertebral bodies (white
arrowhead), and in the herniated gut mesenchyme (g). Bars, 1 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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448 McGrath et al.broader than that of CXCR4. Within these generalities, the
observed expression patterns are remarkably complex and
dynamic while maintaining complementarity between the
two messages in many regions of the embryo. The juxtapo-
sition of tissues that express a short-range secreted ligand
and its receptor suggests roles directing development. We
have identified several developmental systems that contain
extensive and complementary SDF-1 and CXCR4 expres-
sion patterns, including the nervous, vascular, hematopoi-
etic, cardiac, and craniofacial systems. These will be dis-
cussed separately below. Interestingly, the first four of these
systems have defects in gene-disrupted embryos (Ma et al.,
1998; Nagasawa et al., 1996; Tachibana et al., 1998; Zou et
al., 1998).
Neuronal
CXCR4 transcripts first accumulate in neural epithelium
in an anterior to posterior wave from E8.5 to E9.5 (Fig. 3A;
and data not shown). Subsequently, the most prominent
site of CXCR4 expression is neuronal tissue (Figs. 4A, 4C,
and 4E). This expression can be divided into two types. The
first is in the spinal cord and hindbrain, where CXCR4
expression is most strongly correlated with cells that inner-
vate muscle and viscera. The second is in the midbrain and
forebrain, where CXCR4 expression is associated with a
discrete subset of expanding neuronal structures.
The spinal cord/hindbrain pattern of CXCR4 expression
is evident at E10.5, where highest CXCR4 transcript accu-
mulation occurs in dorsal root ganglia and the ventral
mantle layer of the spinal cord (d and v, respectively, in Fig.
5A). The ventral mantle layer is the precursor to the basal
plates and is formed by migration of germinal neural
epithelium cells (e in Fig. 5A) that border the central canal.
Basal plates and dorsal root ganglia are the source of efferent
motor neurons and sensory neurons that innervate the
developing musculature via the spinal nerves. At E12.5,
high expression of CXCR4 was still apparent in the basal
plates (ventral surface of spinal cord, n in Fig. 4C), the dorsal
root ganglia (d in Fig. 6A, higher magnification view of
midregion in Fig. 4C), and particularly in the spinal nerves
projecting ventrally from the spinal cord (arrows in Fig. 6A).
In contrast, the region containing association neurons that
remain in the spinal cord (wing-like alar plates, a in Fig. 4C)
has low CXCR4 expression. The hindbrain surrounding the
fourth ventricle (IV, in Fig. 4C) is organized similarly to the
spinal cord and also displays CXCR4 expression in the
region containing efferent motor neurons. These neurons
extend through the basal plates on the ventral side of the
ventricle (Fig. 4C) and then through the floor (future me-
dulla oblongata, m in Fig. 5E) and rostral wall (future pons,
pn in Fig. 5E) of the fourth ventricle. At E10.5 and E12.5, the
layer of cells lining the inside of the spinal cord and fourth
ventricle (future ependymal layer) expresses an intermedi-
ate level of CXCR4 mRNA and it is these cells that retain
expression of CXCR4 at later stages (E14.5, see ventricular
edge of pn and m in Fig. 5G).
Copyright © 1999 by Academic Press. All rightCXCR4 is also expressed during the formation of the
erebellum where efferent motor neuron impulses are co-
rdinated. The cerebellum develops from the rhombic lip
n the roof of the hindbrain (see r in Figs. 4A, 4C, and 4E).
ike other hindbrain regions, there is an earlier wider
xpression (E11.5, r in Fig. 5E) that refines to the thin neural
pithelium lining the ventricle (E14.5, r in Fig. 5G). Addi-
ionally, CXCR4 transcripts were detected in the external
ranular layer (EGL, arrow in Fig. 5G) containing the first
et of cells to migrate out of the ventricular neural epithe-
ium. CXCR4 expression in the EGL and neural epithelium
f the cerebellum has been previously reported and contin-
es during later stages of development (Zou et al., 1998).
hese observations are of particular significance since there
s premature migration of EGL cells back toward the
entricular surface in CXCR4 gene disrupted embryos (Ma
t al., 1998; Zou et al., 1998).
We also identified a subset of expanding midbrain and
orebrain structures that expresses high levels of CXCR4.
he most prominent CXCR4 expression is at the top of the
utpocketing of the diencephalon floor as it expands to fuse
ith the roof (see arrow at E10.5 in Fig. 4A) and defines the
idbrain/hindbrain border. At E11.5, foci of cells contain-
ng high levels of CXCR4 were seen on the midbrain aspect
f this border (rostral to the line in Fig. 5E). CXCR4 message
as also found in the developing hypothalamus (compare
he asterisks in Figs. 4A and 4C) and thalamus (th in Fig.
C). By E14.5, CXCR4 expression is restricted to the region
here these two tissues meet (asterisk in Fig. 4E). There is
lso a discrete band of cells at the edge of the olfactory bulb
hat expresses CXCR4 (o in Fig. 4E). Continued CXCR4
xpression in these regions of the midbrain and forebrain as
ell as in the cerebellum and neural epithelium has also
een found at later developmental and postnatal stages in
he rat (Jazin et al., 1997).
In general, we did not find SDF-1 transcripts in neuronal
issues (Figs. 4B, 4D, and 4F), except in a small patch of cells
n the pons (arrowhead in Fig. 5F) and a slight increase in
xpression in the wall of the fourth ventricle coincident
ith a gap in CXCR4 expression (compare brackets in Figs.
C and 5D). There is strong expression of SDF-1 in mesen-
hyme surrounding somite derivatives that coincides with
pinal nerve pathways (compare arrows in Fig. 6A with
DF-1 expression in Fig. 6B). SDF-1 transcripts also accu-
ulate at the periphery of the cranial neuronal tissue in the
esenchymal pia mater. This SDF-1-expressing pia mater
s sometimes found in close juxtaposition with CXCR4-
xpressing neuronal cells including the olfactory bulb (com-
are o in Fig. 4E and 4F) and the dorsal side of the EGL
black arrow in 5H).
Vascular
High SDF-1 expression often correlates with areas of
vascularization. Close examination of these regions reveals
CXCR4 transcript accumulation in the endothelium of
blood vessels. For example, in the trunk region of E10.5
s of reproduction in any form reserved.
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449Roles of CXCR4 and SDF-1 in Murine Embryogenesisembryos, stripes of CXCR4 expression are seen along the
aorta and branching intersegmental arteries (arrowheads in
Fig. 4A). These vessels traverse interstitial mesenchyme
expressing high levels of SDF-1 mRNA (Fig. 4B). Higher
magnification views of this region demonstrate CXCR4
expression in endothelial cells conspicuously negative for
SDF-1 expression (compare arrowheads in Figs. 5A and 5B).
This expression pattern continues as new segments develop
(arrowheads at E14.5 in Figs. 4E and 4F).
We detected CXCR4-expressing vascular endothelium
FIG. 5. Expression of CXCR4 and SDF-1 in the nervous system. A
and H are respective neighboring sections hybridized with antisens
spinal cord in Figs. 4A and 4B). CXCR4 is expressed in the dorsal ro
of CXCR4 transcripts are evident in the ventral mantle layer (v)
mesenchyme between the dorsal aorta (ao) and the spinal cord, bu
E11.5 at the base of the hindbrain. CXCR4 is expressed in the dens
mesenchyme and endothelium of the pia mater (p). CXCR4 hybridi
A low level of SDF-1 message was detected in neuronal tissue at t
the hindbrain (IV) coincident with decreased CXCR4 transcripts
ventricular and mantle layers of the hindbrain express CXCR4 in th
expression was also detected just rostral to the midbrain/hindbrain
Rathke’s pouch (arrow). SDF-1 continues to be expressed in the pia m
arrowhead). (G and H) E14.5 hindbrain (higher magnification of the
expression is now more tightly confined to the neuroepithelial lin
granular layer (arrow) of the ventral rhombic lip. SDF-1 expressio
granular layer of the rhombic lip (arrow). Size bars in B, D, F, andwithin SDF-1-expressing mesenchyme in a number of other
tissues at midgestation including pia mater (E11.5, arrow-
t
P
Copyright © 1999 by Academic Press. All righteads in Fig. 5C), vitelline/umbilical vessels (E12.5, arrow-
eads in Fig. 6A), cardiac ventricular wall capillaries (E12.5,
rrowhead in Fig. 6C), and facial vessels (E12.5 arrowhead,
ig. 6G). As has been previously reported, we also found
DF-1 expression in mesenchyme and CXCR4 expression
n the vasculature of the herniated gut at E14.5, which has
een linked to abnormalities in intestinal vasculature in
ene-disrupted embryos (Tachibana et al., 1998). Not all
mbryonic vessels express CXCR4 (see E12.5 liver, Fig. 6A).
he vascular pattern observed for CXCR4 is only a subset of
E, and G are hybridized with antisense CXCR4 probe and B, D, F,
-1 probe. (A and B) E10.5 (higher magnification views of trunk and
nglion (d) and the spinal cord. Within the spinal cord higher levels
pared to the neural epithelium (e). SDF-1 message is detected in
in interstitial vessels (arrowhead) that express CXCR4. (C and D)
uclear mantle layer while SDF-1 expression is highest in the loose
n was also found in endothelial cells in the pia mater (arrowhead).
ncture of the spinal cord central canal and the fourth ventricle of
cket). (E and F) E11.5 at the midbrain/hindbrain juncture. The
ns (pn), ventral rhombic lip (r), and medulla oblongata (m). CXCR4
er (line), in the basal hypothalamus (*), and at the anterior edge of
r (p) as well as in a small patch of neuronal tissue of the pons (white
dbrain around the fourth ventricle (IV) in Figs. 4E and 4F). CXCR4
f the ventricle. Additionally, CXCR4 is expressed in the external
vident in the pia mater (p) including that bordering the external
0 mm., C,
e SDF
ot ga
com
t not
ely n
zatio
he ju
(bra
e po
bord
ate
hin
ing ohe pattern seen with general vascular cell markers such as
ECAM or TIE1 or markers of new vascular growth such as
s of reproduction in any form reserved.
450 McGrath et al.FIG. 6. CXCR4 and SDF-1 expression in viscera and facial region. (A and B) E12.5 midregion (higher magnification views of Figs. 4B and
4E). The dorsal (d) and thoracic (t) sympathetic ganglia express CXCR4 along with the spinal nerves (white arrows). SDF-1 is expressed in
dorsal mesenchyme, but not vertebral bodies or sympathetic ganglia (d). In the face (j, upper jaw), CXCR4 is expressed in skin while SDF-1
is expressed in mesenchyme. CXCR4 is also expressed in lung (lu) epithelium, and cystic duct (c) posterior to the liver (li). CXCR4 mRNA
was detected in vitelline/umbilical vessel endothelium (arrowhead) surrounded by SDF-1 expressing mesenchyme. (C and D) Higher
magnification of E12.5 heart. CXCR4 is expressed in the aortopulmonary septum at the base of the outflow tract (asterisk) and in the
atrioventricular valves between the ventricle (v) and the atrium (a) while SDF-1 is expressed in ventricular (v) wall, some of the ventricular
cushions, and most highly in the outflow tract (o). (E and F) E11.5 midline tongue and palatal shelf. CXCR4 is expressed in the thyroid
primordia that involutes from oral epithelium into surrounding SDF-1-expressing mesenchyme. (G and H) E14.5 lower jaw (higher
magnification views of Figs. 4E and 4F). High levels of CXCR4 transcripts were still detected in the most distal facial ectoderm and along
the caudal edge of the dental lamina of tooth primordia (t). There is also a line of CXCR4-expressing endothelial cells along the lower jaw
(arrowhead). SDF-1 is expressed in facial mesenchyme, especially along the bottom of the lower jaw where whisker roots have formed
(arrows). The base of these whisker roots show a slight increase in CXCR4. Neither CXCR4 or SDF-1 messages are detected in facial bones
including Meckel’s cartilage (m). Size bars in B, D, F, and H, 150 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
451Roles of CXCR4 and SDF-1 in Murine Embryogenesisflk-1 (Davis et al., 1996; Maisonpierre et al., 1997; Millauer
et al., 1993; Schlaeger et al., 1995; Yamaguchi et al., 1993).
Comparison with these other markers suggests that while
some established vessels (e.g., vitelline/umbilical) express
CXCR4, transcripts are most frequently found in a subset of
sites of expanding vascular networks.
Hematopoietic
In the adult, expression of SDF-1 in the bone marrow
stroma is thought to help retain CXCR4-expressing hema-
topoietic precursors in the appropriate microenvironment
(Aiuti et al., 1997; Ma et al., 1999; see Kim and Broxmeyer,
1999 for review). By analogy, we would expect to find
hematopoietic precursors expressing CXCR4 surrounded by
stromal-like cells expressing SDF-1 in the embryo. Hema-
topoiesis occurs in three sequential sites in the embryo:
embryonic yolk sac, fetal liver, and late gestation bone
marrow. Gene disruption experiments have shown that
SDF-1/CXCR4 signaling is required for colonization of the
bone marrow (that begins at E15), and SDF-1 expression in
stromal-like cells in the forming bone marrow at E18.5 has
been reported (Ma et al., 1998; Nagasawa et al., 1996;
Tachibana et al., 1998; Zou et al., 1998). The fetal liver is
colonized by hematopoietic progenitors beginning at E9.5
and produces mature erythrocytes by E12.5. We found
SDF-1 transcripts concordant with the development of
hematopoiesis in the fetal liver at E10.5 and E12.5 (l in Figs.
4B and 4D). Additionally, SDF-1 mRNA levels in the liver
decrease as the bone marrow becomes available for coloni-
zation (E10.5 and E14.5, compare l in Figs. 4B and 4F,
sections analyzed on the same slide, decrease confirmed by
grain counts). However, we did not detect significant levels
of SDF-1 message in the yolk sac during the initiation of
hematopoiesis at E7.5 to E8.5. These results are consistent
with the concept that SDF-1 attracts and retains hemato-
poietic precursors in supportive stromal environments.
Unlike the fetal liver and bone marrow, hematopoietic
progenitors do not migrate to the yolk sac but are initially
formed there within blood islands (J. Palis and G. Keller,
unpublished results). Once formed, these progenitors are
not retained in the yolk sac but differentiate within the
vascular system as they circulate.
CXCR4 transcripts were not detected above background
in the yolk sac or fetal liver by in situ hybridization. This
result is not surprising because hematopoietic precursors
constitute less than 1% of the total cells present in those
tissues. However, our RNase protection assays demonstrate
that CXCR4-expressing cells are present in these tissues
during embryonic and fetal hematopoiesis (Fig. 1B). We also
saw CXCR4 transcripts in tissues proposed to be sources for
hematopoietic progenitor cells within the embryo proper.
The first hematopoietic stem cells capable of repopulating
irradiated adults are found at E10 within the aortic–gonad–
mesonephros (AGM) region (Muller et al., 1994). The AGM
includes many different tissues, but recent evidence has
pointed to specific vessels (aorta, vitelline, and umbilical)
Copyright © 1999 by Academic Press. All rightwithin this region as possible sources of hematopoietic cells
(Jaffedo et al., 1998; Takakura et al., 1998). These vessels
are among those that express CXCR4 (E10.5 and E12.5; see
arrowheads in Figs. 4A and 6A) and have very high expres-
sion of SDF-1 in surrounding mesoderm (compare arrow-
heads in Figs. 6A and 6B, for example). Explant experiments
have suggested that mutipotent hematopoietic potential is
localized to the posterior splanchnopleuric mesoderm of
early somite embryos (Cumano et al., 1996). At these
stages, CXCR4 is expressed in splanchnopleure adjacent to
SDF-1-expressing hindgut endoderm (see Fig. 3C). Thus,
SDF-1 expression correlates with the retention of precur-
sors at sites of hematopoiesis while CXCR4-expressing
cells are found in tissues with hematopoietic potential.
Cardiac
SDF-1 and CXCR4 expression is associated with
conotruncal development in the heart as aortic and pul-
monic outflows are established from a common outflow
tract. This is accomplished by the growth of the aortopul-
monary (AP) septum and its fusion with the walls of the
outflow tract. The AP septum also extends downward and
fuses with the inferior muscular portion of the ventricular
septum completing the division of this chamber (Waldo et
al., 1998). It is this AP septum-derived portion of the
ventricular septum that is absent in SDF-1 and CXCR4 gene
disrupted embryos (Nagasawa et al., 1996; Tachibana et al.,
1998; Zou et al., 1998). Our in situ analysis indicates that
the AP septum expresses CXCR4 while the two tissues
with which it fuses, ventricular muscle and outflow tract,
express SDF-1. Specifically, at E10.5, the branched precur-
sor to the AP septum contains CXCR4 messages and is
localized within the highly SDF-1-expressing outflow tract
(h in Figs. 4A and 4B). The AP septum extends down into
the bulbous cordis (future right ventricle) that expresses
intermediate levels of SDF-1 message. At E12.5, the outflow
tract is positioned above the muscular component of the
ventricular septum, facilitating alignment of the AP sep-
tum as it completes division of the outflow tract and
septation of the ventricles. At this time in development,
CXCR4-expressing AP septum tissue is lodged at the base of
the outflow tract (see asterisk, in Fig. 6C, higher magnifi-
cation). High SDF-1 message levels persist in the outflow
tract and lower levels were also found in the ventricular
wall and a subset of the muscular cushions that grow from
it, including those abutting the AP septum (Fig. 6D).
The atrial/ventricular valves are also being formed during
this time. CXCR4 is expressed in the region of the forming
valves flanked by SDF-1-expressing ventricular wall (be-
tween a and v in Figs. 6C and 6D). Therefore, juxtaposition
of CXCR4 and SDF-1 expression suggests that their signal-
ing is involved in cardiac tissue movements that are neces-
sary to establish the adult pattern of cardiac blood flow.
s of reproduction in any form reserved.
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Much of the CXCR4 and SDF-1 expression in the cranio-
facial region is associated with neuronal or vascular tissue.
However, CXCR4 is expressed in many additional sites
where the outer ectoderm or endoderm layer derivatives
involute to form specific structures. These regions are often
bordered by SDF-1-expressing mesenchyme. CXCR4 mes-
sage is detected in facial ectoderm from E10.5 to E14.5
while facial mesenchyme expresses SDF-1 (for example
E12.5 in Figs. 6A and 6B and E14.5 in Figs. 4E and 4F). As
whiskers develop from this tissue (arrows in Fig. 6G), there
is a slight increase in CXCR4 expression at the root.
Another facial ectoderm derivative, the nasal epithelium,
also highly expresses CXCR4 as has been reported previ-
ously (Jazin et al., 1997; Zou et al., 1998). At E14.5, CXCR4
is expressed in the ectodermally derived dental lamina.
This expression is restricted to the internal edge of the
lamina that is in contact with the neural crest-derived
mesenchymal component of the forming tooth bud (Fig.
6G). Within the oral endoderm, we observed CXCR4 ex-
pression specifically at the distal tip of thyroid primordium
that develops from an involution at the midline of tongue
that migrates dorsal/posteriorly to the neck (E11.5, Fig. 6E).
SDF-1 expression is higher in mesenchyme just in front of
the involution (Fig. 6F). At E16.5, after the initial stages of
thyroid migration and tooth involution, CXCR4 is no
longer expressed in these tissues (data not shown).
Finally, the oral epithelial component of the developing
pituitary has a discrete region of CXCR4 expression. Rath-
ke’s pouch (future posterior lobe of the pituitary) begins as
an indentation on the roof of the mouth, at the juncture of
oral epithelium and pharyngeal endoderm (seen at E10.5 in
Fig. 4A just caudal to the asterisk). At this early stage,
CXCR4 transcripts are found only on the caudal side of the
involution that is adjacent to SDF-1-expressing cranial
mesenchyme. As the invagination proceeds, Rathke’s
pouch rotates and the CXCR4-expressing region aligns with
the neuroectoderm-derived infundibulum (future anterior
lobe; see arrow in Fig. 5E). This region of CXCR4-expressing
tissue is the portion of Rathke’s pouch that maintains
contact with the infundibulum and will form the pars
intermedia.
SDF-1 Signaling is Functionally Active
during Gastrulation
While gene disruption studies demonstrate that CXCR4/
SDF-1 signaling is essential for appropriate cell movements
in discrete regions of the embryo during late stages of
gestation, our temporal and spatial analyses suggest several
additional roles in development. Since the earliest and
broadest CXCR4 and SDF-1 expression is that associated
with gastrulation, we conducted in vitro migration assays
to test whether there is functional SDF-1 signaling in
late-streak (E7.25) embryos. Egg cylinders were dissociated
and placed in an upper compartment of a transwell chamber
in serum-free medium. The bottom chamber contained the
Copyright © 1999 by Academic Press. All rightame medium supplemented with varying concentrations
f SDF-1. Migration indices were calculated as the number
f cells migrating across filters into the bottom chamber
elative to paired control chambers with no SDF-1. We
ound a significant induction of migration of late-streak
astrula cells by SDF-1 (Fig. 7A). Migration was dose depen-
ent with a maximum effect at 300 ng/ml SDF-1. A similar
ose response has been noted for SDF-1-induced migration
f adult hematopoietic progenitors (Aiuti et al., 1997; Bleul
t al., 1996).
To distinguish between chemotaxis, movement along a
radient, and chemokinesis, random movement, SDF-1 was
lso placed in both the top and the bottom chambers.
emoval of the SDF-1 gradient reduced cell migration to
ontrol levels (Fig. 7B). These results indicate that SDF-1 is
cting as a chemotactic factor of late-streak gastrula cells.
urthermore, they exclude the possibility that an increase
n cells in the bottom chamber was due to SDF-1 enhanced
urvival or cell division of randomly migrating cells.
SDF-1 Is Chemotactic for Hematopoietic
Progenitors in the Fetal Liver before
Bone Marrow Colonization
Gene disruption studies, as well as direct tests of SDF-1
migration, demonstrate that hematopoietic progenitors are
responsive to SDF-1 at E17.5 during the colonization of the
bone marrow. However, when the gene-disrupted embryos
were specifically examined for defects in fetal liver hema-
topoiesis, either no or only small changes near birth were
seen (Ma et al., 1998; Nagasawa et al., 1996; Zou et al.,
1998). To test whether the SDF-1 expression we observed in
fetal liver before colonization of the bone marrow was
correlated with functional SDF-1 signaling, migration as-
says were carried out as above on E12.5 fetal liver cells. As
with the midgastrula cells, dissociated fetal liver cells were
induced to migrate by SDF-1 (Fig. 8A). Migrated cells were
cultured in methylcellulose with hematopoietic growth
factors to determine whether they contained erythroid and
myeloid progenitors. We found an even greater chemotactic
response to SDF-1 for hematopoietic colony-forming cells
(Fig. 8B), indicating that the migrating population of E12.5
fetal liver cells is enriched for hematopoietic progenitors.
These responses were also chemotactic as increases in
migration were not observed if SDF-1 was added to both top
and bottom chambers (Figs. 8A and 8B).
DISCUSSION
Several lines of evidence, including this study, suggest
that SDF-1 is a unique, potentially primordial member of
the chemokine family with broad developmental functions.
Evolutionary analysis indicates that SDF-1 diverged early
from other chemokines and has remained relatively con-
served, while other chemokines have undergone multiple
duplications and faster rates of evolution (Bleul et al., 1996;
s of reproduction in any form reserved.
nate. Results of at least three independent experiments are shown; error
453Roles of CXCR4 and SDF-1 in Murine EmbryogenesisCampbell et al., 1998). Consistent with the evolutionary
analysis, most chemokine genes, but not SDF-1, are located
on chromosomes in amplified gene clusters (Campbell et
al., 1998). Additionally, while most chemokines and recep-
tors have overlapping binding specificity with other family
members, CXCR4 and SDF-1 bind only each other (see Kim
and Broxmeyer, 1999 for a review). Of the nine chemokine
receptors examined, we found CXCR4 to be the most
prevalent chemokine receptor at E8.5 and E12.5 of embryo-
genesis. Its expression is particularly high in nonhemato-
poietic tissues. Its broad and early roles in development are
further supported by our finding cells in the embryo respon-
sive to SDF-1 during gastrulation. As evolution proceeded,
gene duplication may have allowed other chemokines to be
specified for roles in the highly mobile adult hematopoietic
system. Our discovery that expression of other chemokine
receptors correlates with sites of definitive fetal hematopoi-
esis is consistent with this hypothesis.
A wide variety of apposed tissue pairs express CXCR4 and
SDF-1 including mesoderm/ectoderm during gastrulation,
vascular endothelium/mesoderm, thyroid endodermal
epithelium/mesenchyme, and nasal ectodermal epithe-
lium/mesenchyme. The breadth of developmental systems
that express complementary patterns of CXCR4 and SDF-1
messages argues against any restrictions to cell type or
lineage for their signaling. Additionally, CXCR4 and SDF-1
switch their expression within a number of tissues along
the anterior–posterior axis during early somatogenesis.
Many neural crest tissues also express one of these two
FIG. 7. SDF-1 induced chemotactic migration of late-streak gastru
of a transwell chamber through a 5-mm filter into the bottom chamb
calculated as the relative numbers of migrated cells compared to
chemotactic (requiring a gradient) and chemokinetic (not requirin
(ng/ml) in the top and bottom chambers is indicated below the ordi
bars indicate SEM.la cells. (A) Migration of dissociated E7.25 embryonic cells from the top
er supplemented with 100–1000 ng/ml SDF-1a. Migration indices were
paired controls without SDF-1. (B) Comparison of the SDF-1 induced
g a gradient) migration of late-streak gastrula cells. SDF concentrationgenes, but without a lineage-consistent pattern. Our data
suggest that CXCR4/SDF-1 signaling is not associated with
Copyright © 1999 by Academic Press. All rightFIG. 8. SDF-1 induced chemotactic migration of fetal liver cells
and hematopoietic progenitors. (A) Migration indices of dissociated
E12.5 liver cells migrating through 5-mm filters of transwell cham-
bers with SDF-1 in the bottom or in both top and bottom chambers.
Migration indices were calculated as the relative numbers of
migrated cells compared to paired controls without SDF-1 addition.
SDF-1 concentration (ng/ml) in the top and bottom chambers is
indicated below the ordinate. (B) Migration indices of hematopoi-
etic progenitors from E12.5 liver, relative to controls without
SDF-1. Migrating cells were assayed for hematopoietic progenitors
by culture in methylcellulose with growth factors. Results of three
independent experiments are shown; error bars indicate SEM.
s of reproduction in any form reserved.
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454 McGrath et al.differentiation of any particular cell type, but is widely
utilized when there is a requirement for cell movement.
CXCR4/SDF-1 expression is frequently associated with
less differentiated cell types. In the embryo, early expres-
sion of CXCR4/SDF-1 in lung, thyroid, tooth, vessel, and
nerve development is down-regulated during subsequent
differentiation. In the adult, CXCR4 is unique among
chemokine receptors by functioning in the most undiffer-
entiated hematopoietic precursor, the stem cell (see Kim
and Broxmeyer, 1999 for review). We also found that
CXCR4 expression was retained in the germinal layer of the
neuronal system that lines the ventricular space at later
developmental stages. It is this cell layer that has recently
been shown to contain neuronal stem cells capable of
multipotential regeneration (Johansson et al., 1999). Even
more intriguing, neuronal stem cells cultured from embry-
onic or adult forebrain can colonize the bone marrow,
suggesting they can also function as hematopoietic stem
cells (Bjornson et al., 1999). Their ability to do so may be
related in part to expression of CXCR4, as recent evidence
suggests that bone marrow reengraftment is dependent on
CXCR4 signaling (Peled et al., 1999).
Our studies suggest new potential mechanisms for the
euronal and cardiac defects seen in the CXCR4 and SDF-1
ene-disrupted embryos. CXCR4- and SDF-1-null embryos
emonstrate that these genes are required to prevent early
entral migration of EGL cells of the forming cerebellum
Ma et al., 1998; Zou et al., 1998). We found that CXCR4-
xpressing EGL cells are bounded on their dorsal side by pia
ater cells expressing SDF-1. Therefore, SDF-1 chemotac-
ic attraction of EGL cells to the dorsal edge of the cerebel-
um might hold them in that position until they are ready
o differentiate. Utilization of chemokines to keep cells
rom leaving a microenvironment is not a typical function
scribed to chemokines (see Luster, 1998 for review). How-
ver, it may be an important function for SDF-1 in embryos
s well as in adults where it is proposed to retain hemato-
oietic progenitors in the bone marrow (Ma, 1999; Aiuti,
997; see Kim and Broxmeyer, 1999 for review). SDF-1 and
XCR4 gene-disrupted embryos also have a sublethal de-
ect in the membranous portion of the ventricular septum
Nagasawa et al., 1996; Tachibana et al., 1998; Zou et al.,
1998). Previous investigators have reported SDF-1 expres-
sion in cardiac ventricular wall at E12.5, but no expression
of CXCR4 in cardiac tissues was reported (Nagasawa et al.,
1996). Based on our observation of very high levels of SDF-1
expression in the cardiac outflow tract and CXCR4 expres-
sion in the aortopulmonary septum, we hypothesize that
the ventricular defect is caused by interruption of SDF-1
signaling that regulates the migration of the aortopulmo-
nary septum during conotruncal development. Completion
of the ventricular septum is a particularly vulnerable aspect
of this development as ventricular septal defects are present
in virtually all birth defects with conotruncal abnormalities
(Graham and Gutgesell, 1994).While SDF-1 and CXCR4 expression correlates with the
developmental abnormalities present in embryos with tar-
Copyright © 1999 by Academic Press. All rightgeted disruption of these genes, their expression patterns
are both broader and earlier than the observed defects. One
explanation for this is that, despite the complementary
pattern of mRNA expression, the signaling pathway is not
active. For example, there is precedence in later stage
B-cells for down-regulation of SDF-1 chemotactic response
even though CXCR4 continues to be expressed (D’Apuzzo
et al., 1997). However, our migration assays demonstrate
that the SDF-1/CXCR4 signaling pathway is active during
gastrulation and at midgestation in the liver where there
have been no reported defects in the mutant embryos. Some
defects, especially those at earlier developmental stages,
may be difficult to detect without foreknowledge of where
to look. Subtle mutations in tooth, pituitary, thyroid, and
specific neuronal or vascular path formation might also be
difficult to detect. Additionally, perinatal mortality limits
the ability to assess the function of organs needed for an
independent existence. Considering that the reported de-
fects do not explain the perinatal lethality, it seems likely
that there are numerous smaller defects whose cumulative
effects cause lethality. This is consistent with the elaborate
complementary pattern of CXCR4 and SDF-1 expression.
The complexity of embryonic cell movements probably
necessitates regulation by combinatorial signals, analogous
to the complexity of transcriptional regulation. This system
would also confer the redundancy and regulative compen-
sation that is integral to vertebrate embryogenesis. We
hypothesize that in this model, SDF-1/CXCR4 signaling
would have a more general role of inducing chemotaxis,
with additional specificity conferred by the overlap of other
factors affecting migration and adhesion. For example
SDF-1 and the kit ligand, SCF, have been shown to have
synergistic chemotactic effects in adult hematopoietic pre-
cursors (Kim and Broxmeyer, 1998). In conclusion, our
results point to SDF-1/CXCR4 as a major chemokine sig-
naling system during embryogenesis with broad roles in
controlling cell movement in many organ systems. We
hypothesize that SDF-1 and CXCR4 are an important com-
ponent of the overlapping patterns of receptors and ligands
that determine cell movement as early as gastrulation.
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